IMPORTANCE Differentiation between Ebola retinal lesions and other retinal pathologies in West Africa is important, and the pathogenesis of Ebola retinal disease remains poorly understood.
W e previously conducted a case-control study that identified retinal characteristics specific to survivors of Ebola virus disease (EVD) in Sierra Leone using ultra-widefield (UWF) retinal imaging. Of all retinal lesions characterized in the previous study, only 1 lesion of characteristic morphological appearance was exclusively identified in Ebola survivors by 2 masked graders. 1 On this basis, this lesion was deemed most likely to be associated with Ebola virus infection. Identical lesions have been identified in other cohort studies of survivors of EVD. 2, 3 This expanded analysis provides optical coherence tomography (OCT) interpretation and functional visual field (VF) analysis to provide further insights into the pathophysiology of Ebola retinal sequelae.
Methods
A total of 160 survivors of EVD attended the ophthalmology clinic at 34 Military Hospital in Freetown, Sierra Leone, between January 2016 and April 2017. Of these, 14 survivors of EVD (8.8%) met the eligibility criterion derived from the findings of our previous study, which was having at least 1 Ebola retinal lesion identified on UWF retinal imaging. 1 All 14 patients were recalled to the clinic and attended examinations that included OCT of accessible Ebola retinal lesions. Thirteen of these 14 survivors (93%) were recruited to this study, and 1 (7%) was excluded because of increased lens opacity that prevented fundus imaging. One further eligible patient was identified in March 2017 and directly enrolled into the study. Informed consent was obtained from all participants. The study was approved by the Office of Sierra Leone Ethics and Scientific Review Committee on January 31, 2017, and followed the tenets of the Declaration of Helsinki. 4 The appearance of lesions on OCT was categorized, and lesion grading concordance was compared by 2 ophthalmologists (P.J.S. and N.A.V.B.) who were each masked to the grades of the other grader. The examination protocol is summarized in eMethods 1 and eFigure 1 in the Supplement.
Results
The 14 participants had a mean (SD) age of 37.1 (8.8) years. Six (43%) were women. The participants had a total of 27 eyes (1 patient had no view of the fundus available for retinal examination in 1 eye as a result of previous ocular trauma that had led to corneal and lens opacity followed by complicated surgery before Ebola infection). We analyzed 141 Ebola retinal lesions in 22 of the 27 eyes (81%; including 16 eyes of 8 patients with bilateral involvement and 6 eyes of 6 patients with unilateral involvement). Images were obtained by OCT of 41 of the 141 lesions (29.1%) in 20 of the 22 eyes (74% of the 27 total eyes). Characteristics of all 14 patients are summarized in eTable 1 in the Supplement. Corresponding multimodal imaging and VF images are available in eFigures 2 through 23 in the Supplement.
Retinal Lesions
Ebola retinal lesions varied in size and shape, but distinctive linear borders with sharp angulations were characteristic (eFigure 11 in the Supplement). Multimodal imaging features varied according to severity and extent of retinal structures involved. A lesion severity grading from 1 to 5 is outlined in eTable 2i nt h eSupplement; results are shown in eTable 3 of the Supplement. The Cohen κ statistic of intergrader agreement was 0.77 (eTable 4 in the Supplement).
The OCT images of the smallest lesions demonstrated multiple vertical discontinuities of the ellipsoid zone (EZ) and interdigitation zone (IZ) with overlying V-shaped increased reflectance of the outer nuclear layer ( Figure 1 and eFigure 21 in the Supplement). Lesions appeared light gray in color on fundus photography and were predominantly nonpigmented.
Peripapillary lesions demonstrated variable curvatures depending on the optic disc perimeter location and resembled the arcuate anatomical pathways of the retinal nerve fiber layer (ganglion cell axons) (eFigures 4, 10, 11, and 15 in the Supplement). Visual acuity and color vision were preserved in all cases in the absence of other pathology. Corresponding absolute VF defects that respected the anatomical horizontal raphe were observed on 24-2 Humphrey visual field analysis (eFigure 10 in the Supplement) and with a peripheral nasal 24-2 test protocol (eMethods 2 and eFigure 10 in the Supplement).
Dark Without Pressure
Well-defined areas of dark without pressure (DWP) that corresponded on OCT imaging to a thinned, hyporeflective EZ and absent IZ ( Figure 2) were seen adjacent to 125 of 141 Ebola retinal lesions (88.7%) in this series. The extent of DWP was variable, ranging from a confined circumferential marginal zone (eFigures 2, 6, 8, 14, 19, and 20 in the Supplement)tolarger defined areas (eFigures 5, 7, and 15 in the Supplement and Figure 2 ) and in some cases 360°panretinal involvement (eFigure 16 in the Supplement). The extent of DWP in some eyes appeared to be associated with the density of Ebola retinal lesions (Figure 2 and eFigure 15 in the Supplement). In all cases, DWP appeared to spare the macula. No associated vitreous inflammation or vitreous traction were visible on OCT imaging.
The 120-point screen, 60-4 threshold tests, and peripheral nasal 24-2 protocol (eFigure 10 in the Supplement) were unable to conclusively identify any definitive VF defect corresponding to areas of DWP. The 24-2 Humphrey visual field analysis of 1 survivor with right hemiparesis after acute infection demonstrated a right-sided homonymous hemianopia and left inferior quadrantanopia (eFigures 19 and 20 in the Supplement).
Spatial Analysis
Aligned and amalgamated retinal images with corresponding Ebola retinal lesion loci and longitudinal axis are shown in eFigure 24 in the Supplement. No overlapping axes or crossing of the horizontal raphe was observed.
Discussion
We present a multimodal imaging analysis of a series of 14 survivors of EVD with Ebola retinal lesions, as characterized in our previous case-control study.
1 While OCT analysis of larger lesions involving all retinal layers provides little insight into pathogenesis, OCT observations of small lesions revealed multifocal fine discontinuities of the EZ and IZ with overlying increased reflectivity of the outer nuclear layer (Figure 1 ). These findings mirror the histological appearance of early herpes simplex virus retinopathy observed in the contralateral retina via a retrograde axonal transmission after unilateral anterior chamber viral inoculation. 5, 6 They have also been observed in the 
Dark Without Pressure
Although nonspecific to Ebola retinal lesions, the frequency of circumferential marginal zones of DWP around Ebola retinal lesions strongly suggests an association. This is supported by the correlation between Ebola retinal lesion density and the extent of DWP in some eyes (eFigure 15 in the Supplement). Areas of DWP in this study correspond to a hyporeflective thinning of the second hyperreflective band and loss of the third hyperreflective band on OCT imaging, currently termed the ellipsoid zone and interdigitation zone, respectively. 8 Although controversy continues over the precise anatomical correlates of these bands, 9,10 recent cellular characterization using immunohistochemistry markers concurs that the second band is generated by the photoreceptor ellipsoids and is probably the result of the high number of mitochondria that they contain, while the third band corresponds to the cone phagosomes located in the top of the retinal pigment epithelium.
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Limitations
Because of the lack of histological evidence, preinfection imaging, and retinal imaging during acute infection, an absolute temporal association with EVD and the Ebola retinal lesions and associated DWP has yet to be established. We have not compared the OCT findings presented in this study with a control group of patients with retinal lesions associated with other pathologies to confirm that these characteristics are unique to Ebola retinal lesions.
Conclusions
In this study, we demonstrate pathological changes seen at the level of the photoreceptors on OCT in small lesions. We demonstrate associated areas of DWP that appear as a hyporeflective, thinned EZ in combination with an absence of the IZ on OCT imaging. The importance of this finding remains to be determined, and follow-up observations are ongoing. These findings suggest that survivors of EVD in future outbreaks would benefit from ophthalmologic evaluation, including via OCT analysis and visual field assessment. Readers are undoubtedly familiar with the most recent epidemic of Ebola virus disease in west Africa, which lasted from 2013 to 2016 and was notable for the large number of people affected and for its high mortality rate. By the end of the epidemic in mid-2016, the World Health Organization had reported 28 616 Ebola virus disease cases in Guinea, Liberia, and Sierra Leone, with 11 310 deaths 3 ; however, that leaves a large pool of survivors, many of whom have experienced ongoing, debilitating sequelae collectively termed post-Ebola virus disease clinical syndrome. It includes arthralgias, myalgias, weakness, anorexia, weight loss, abdominal pain, cardiac problems, orchitis, increased susceptibility to infections, neurological impairments including hearing loss and tinnitus, mental health problems, and eye problems with vision loss. Ebola virus infection can be subclinical, and among those with Ebola virus disease, manifestations range from mild to severe. Close contacts may also have long-term health problems, suggesting that even those who are initially asymptomatic may experience the effects of Ebola virus infection. But the extent to which postinfection sequelae occur in individuals with unrecognized Ebola virus disease is unknown, to our knowledge. Health care workers are also at risk. The magnitude of the outbreak in West Africa necessitates a better understanding of the long-term complications of Ebola virus disease, which will allow improved estimates of the future health needs of affected individuals.
Less well known are the long-term survivors of previous Ebola virus disease outbreaks. We are aware of 34 outbreaks of Ebola virus disease since 1976 (when the first human cases were reported), most of which have occurred in the Democratic Republic of Congo or other areas of Central Africa. Eye involvement has contributed to the long-term morbidity of these survivors, but the nature of the ophthalmic disorders is not well understood. There are a few known individuals who have survived for up to 40 years after being infected during past epidemics, 4 but to our knowledge, the longest reported follow-up period with a description of Ebola virus disease features is only 2 to 3 years.
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Shantha et al 6 have summarized a number of reports about the ophthalmic sequelae of Ebola virus disease in the recent and past outbreaks. The prevalence of uveitis has ranged from 18% to 34% of survivors; in their own series (from the recent outbreak in west Africa), more than one-third of those with uveitis were blind. In addition to cases of posterior uveitis, which can result in the retinal lesions described by Steptoe et al, Autorefraction was performed with a 2WIN autorefractor device (Adaptica S.r.l, Padova Italy).
Visual acuity was assessed with a tumbling E-LogMAR chart at 4 meters. Color vision was assessed with a 14 plate Ishihara test book in a well-illuminated room.
Intraocular pressure was measured using an icare®TA01i rebound tonometer (Icare, Finland Oy).
Visual fields were obtained using a Zeiss Humphrey® Visual Fields (HVF) II 720i, (Carl Zeiss Meditec, Inc., Dublin, CA). Central visual fields were tested using the 24-2 SITA Fast protocol. Functional peripheral visual assessment of areas of retinal darkening was tested with a combination of 30-2, 60-4, 120-point screen and a specifically developed peripheral nasal 24-2 visual field protocol (eMethods 1 in Supplement 2).
Ocular Imaging
UWF scanning laser ophthalmoscope scans together with fundus autofluorescence (FAF) were acquired using an Optos® Daytona fundus camera (Optos, Dunfermline, UK). 30-degree color fundus, near infrared and FAF images, were acquired using a Topcon DRI Triton Plus swept source optical coherence tomography (OCT) device (Topcon Corporation, Japan).
Qualitative morphological and reflectivity comparison of the 1,050nm wavelength swept source OCT imaging was performed with a Topcon DRI Triton Plus (Topcon Corporation, Japan). The OCT imaging protocol was dependant on lesion location: 12.0mm single line scan, radial scan or 5-line cross with a resolution of 1024 A-scans and overlapping scan count of 128, 16, and 16 respectively.
Ebola Virus Retinal Lesion Spatial Analysis
UWF retinal images (Optomap®) were adjusted by size and orientation to align the central fovea and central optic disc reference points using Affinity Designer 1.4.1 vector graphics editor software. Linear/curvilinear longitudinal orientation lines were overlaid to Ebola virus lesion axes if any axis could be discerned. Where no discernible axis was visible, lesion location was marked by a central dot only. Right, and left eyes were amalgamated separately. 
